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Abstract. We propose a scheme of searches for the Abelian Z′ gauge boson in the Drell-Yan process at√
S = 1.96 TeV. We base our considerations on renormalization-group relations between the Z′ couplings
to standard-model fermions. Considering the range of energies near the Z-boson peak, namely 66–116 GeV
for the invariant mass of a leptonic pair, we propose an integration scheme to construct two-parametric
observables suitable for Z′ searches in the pp¯ → l+l− scattering. The observables allow to constrain the
Z′ vector and axial-vector couplings to SM fermions in a general phenomenological parameterization with
non-universal Z′ interactions with fermion generations. We also consider the cases of generation-universal
Z′ boson and leptophobic Z′ boson, and show that one-parametric observables exist for these scenarios. The
research is aimed to supplement direct searches for Z′ as an on-shell state in a specific set of new-physics
models.
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PACS. 11.10.Gh Renormalization – 12.60.Cn Extensions of electroweak gauge sector – 14.70.Pw Other
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1 Introduction
A new heavy neutral vector boson (Z ′ boson) [1,2,3,4,5]
is a popular scenario of searching for physics beyond the
standard model (SM) of elementary particles in modern
collider experiments. Both the Tevatron and LHC collab-
orations attempt to catch the particle as a resonance in
the Drell-Yan process considering some predefined set of
Z ′ models. Observing no peak they conclude that the Z ′
mass is no less than approximately 2.6 TeV [6,7].
Another approach is to search for Z ′ in processes where
it manifests itself as a virtual state. This includes the
processes with the so called low-energy neutral currents
(LENC) mediated by Z boson. For example, the data
on parity violation in cesium can be used to constrain
the Z ′ mass [8] (assuming no mixing between Z and Z ′).
The combined analysis of data on atomic parity violation,
inelastic neutrino scattering, and neutrino-electron scat-
tering [9,10,11] allowed to constrain Fermi-like couplings
that effectively represent Z ′-mediated interactions at low
energies [12]. General review of low-energy constraints on
the Z ′ boson is presented in [13] and in section 10 of Ref.
[14].
Significant amount of the Tevatron data is collected
at the Z-boson peak at 66–116 GeV. At these energies
the Z ′ boson manifests itself primarily via Z−Z ′ mixing,
and the ideas to look for signals of extra neutral gauge
bosons in this region were expressed and studied earlier
[15]. Theoretically, these effects should either allow to dis-
cover Z ′ signal, or to constrain its parameters by fitting
the experimental data.
In order to select Z ′ off-shell hints, proper observables
have to be introduced to amplify possible signal, e.g. as
it was done in [12,16,17,18]. The signal generally means
a deviation of some Z ′ parameter (i.e. a coupling) from
zero at a specified confidence level. The larger number of
such parameters interfere in the observable, the weaker
constraints on the parameters are obtained. Thus, the key
problem for off-shell Z ′ detection is to reduce the num-
ber of Z ′ couplings in the observable that is used for data
fitting. The ultimate scenario assumes a one-parametric
observable. However, a two-parametric observable can be
also useful and effective. For example, the strategy to con-
struct observables driven by one or two parameters was
successfully applied to analyze the final data of the LEP
experiment leading to hints and constraints on Z ′ cou-
plings [12,19,20]. So, attempts of selecting possible Z ′ sig-
nals from Tevatron data seem perspective.
In this paper we construct few-parametric observables
for the proton-antiproton scattering processes at
√
S =
1.96 TeV. We work in a framework of Abelian Z ′. The gen-
eral case of a Z ′ boson with non-universal phenomenological
Z ′ couplings to fermion generations is considered. When
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combined with quark mixing effects, the non-universality
feature can lead to appearance of the flavor-changing neu-
tral currents, which are strongly suppressed by modern
experiments. However, such a discussion requires to spec-
ify a complete particle content beyond the SM, which is
outside the scope of usual phenomenological parameteri-
zations. In this regard, a non-universal Z ′ is also a very
popular scenario for new physics searches both in high-
and low-energy experiments (see references in the survey
by P. Langacker [2]) and is motivated by several string
models [21,22,23,24]. The universality of couplings leads
to a different (reduced) initial set of couplings. Such pa-
rameterization is also considered. We obtain several pos-
sible two-parametric observables at energies correspond-
ing to Z peak. These observables can be used as a key
in searches for possible signals of the off-shell Z ′ boson.
Data fitting is a subject of separate investigation and lies
beyond the scope of the paper. Let us note that our sug-
gestions and results are valid both for the minimal SM
and for the two-Higgs doublet model (THDM).
The paper is organized as follows. In Section 2 we
provide all necessary information on the low-energy Z ′
parameterization for our calculations. Section 3 contains
specifics on Z ′ contribution to the Drell-Yan process, un-
certainties, and kinematic variables used in hadron collider
experiments. In Section 4 we construct the observables in
a step-by-step manner. Section 5 is devoted to a special
case of generation-universal Z ′ boson. Section 6 presents
a brief discussion the obtained results. In Section 7 we
summarize the proposed integration scheme. Appendix A
contains description of encountered computation difficul-
ties. In Appendix B we explicitly write out the partonic
cross sections in the used parameterization.
2 Abelian Z ′ couplings to leptons and quarks
Being decoupled at energies of order of mZ , the Abelian
Z ′ boson interacts with the SM particles as an additional
U˜(1) gauge boson. Its couplings to the SM fermions are
usually parameterized by the effective Lagrangian:
LZf¯f =
1
2
Zαf¯γ
α
[
(vSMfZ + γ
5aSMfZ ) cos θ0
+(vf + γ
5af ) sin θ0
]
f,
LZ′f¯f =
1
2
Z ′αf¯γ
α
[
(vf + γ
5af ) cos θ0
−(vSMfZ + γ5aSMfZ ) sin θ0
]
f. (1)
Here f is an arbitrary SM fermion state; af and vf are the
Z ′ couplings to the axial-vector and vector fermion cur-
rents, respectively; vSMfZ , a
SM
fZ are the SM couplings of the
Z boson; θ0 is the Z–Z
′ mixing angle. The af and vf cou-
plings are proportional to the Z ′ gauge coupling g˜. This
Lagrangian is inspired by adding new U˜(1) terms to the
common covariant derivatives DEW used in the SM [15,
25]. If the minimal standard model is considered as the
low-energy theory, the mixing angle relates to the gener-
ator corresponding to the U˜(1) gauge group, Y˜φ, as
θ0 =
g˜ sin θW cos θW√
4piαem
m2Z
m2Z′
Y˜φ +O
(
m4Z
m4Z′
)
, (2)
Eq. (2) originates from diagonalization of the mass matrix
of neutral gauge bosons. In case of the Abelian Z ′ boson
this result is also valid for the THDM [26].
This parameterization is suggested by a number of nat-
ural conditions: (i) The Z ′ interactions of renormalizable
types are to be dominant at low energies ∼ mZ . The
non-renormalizable interactions generated at high energies
due to radiation corrections are suppressed by the inverse
heavy mass 1/mZ′ (or by other heavier scales 1/Λi ≪
1/mZ′). Therefore, one can neglect such interactions. (ii)
The Z ′ boson is the only neutral vector boson with the
mass ∼ mZ′ .
Below the Z ′ decoupling threshold the effective U˜(1)
symmetry is a trace of the renormalizability of an un-
known complete model with the Z ′ boson, and it leads to
additional relations between the Z ′ couplings [26,28,29]:
vf − af = vf∗ − af∗ , af = T3f g˜Y˜φ, (3)
where f and f∗ are the partners of the SU(2)L fermion
doublet (l∗ = νl, ν
∗ = l, q∗u = qd and q
∗
d = qu); T3f is
the third component of weak isospin; g˜Y˜φ includes the Z
′
gauge coupling and determines the Z ′ interactions to the
SM scalar fields.
The relations (3) are conveniently rewritten as
aqd = al = −aqu = −aνl = a,
vqd = vqu + 2a, vl = vνl + 2a, (4)
where qu, qd, l, and νl are an up-type and a down-type
quark, a lepton, and a neutrino within a fermion genera-
tion, respectively. Coupling a is a universal coupling con-
stant that defines also the Z–Z ′ mixing angle in (1). By
substituting Eqs. (3) into (2) we obtain
θ0 ≈ −2a sin θW cos θW√
4piαem
m2Z
m2Z′
. (5)
The discussed relations (3)–(5) are also true for the THDM
case. More details on this matter can be found in [26]. The
full Lagrangian is written out in [27].
As it was shown in [28,29], the relations (3), (4) cover,
in particular, a bunch of GUT models based on the E6
group (the χ model) and the SO(10) group (the so called
left-right model). It has to be noted that these relations
are not obligatory for any Z ′ model discussed in the liter-
ature. Nevertheless, they describe correlations between Z ′
couplings for a wide set of models beyond the SM. Same
applies to the mixing angle. It is easy to check that the re-
lation (5) stands for the χ model and the left-right model
by substituting axial couplings provided e.g. in [1,2,3,4].
As a result, Abelian Z ′ couplings can be parameter-
ized by seven independent parameters a, vu, vc, vt, ve, vµ,
vτ . These parameters must be fitted in experiments. In a
particular model, one has some specific values for them. In
case when the model is unknown, these parameters remain
potentially arbitrary numbers.
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3 Abelian Z ′ in the Drell-Yan process
At the Tevatron the most prominent signal of the Abelian
Z ′ boson is expected in the pp¯ → l+l− scattering pro-
cess. The general idea of our approach is equally appli-
cable both for dielectrons and dimuons in the final state,
therefore we will discuss lepton pairs in general. The cross
section of this process is commonly written in form of the
partonic cross sections combined with the parton distri-
bution functions (PDFs):
∂3σAB
∂xq∂xq¯∂tˆ
=
∑
q,q¯
fq,A(xq, µF, µR)fq¯,B(xq¯, µF, µR)
× ∂σˆqq¯→l+l−
∂tˆ
,
σˆqq¯→l+l− = σˆqq¯→l+l−(tˆ), (6)
where A, B mark the interacting hadrons (p or p¯) with the
four-momenta kA, kB; multipliers fq,A(xq , µF, µR) are the
PDFs for the parton q in the hadron A with the momen-
tum fraction xq (0 ≤ xq ≤ 1) at the factorization scale µF
and renormalization scale µR. To access the parton dis-
tribution data, we use the MSTW 2008 package [30,31].
The quantity σˆqq¯→l+l− is the parton-level cross section,
which depends on the Mandelstam variable tˆ = (pl+−pq)2.
All parton-level calculations are performed using FeynArts
[32,33] and FormCalc [34,35] packages. Hereafter, the hat
over a variable denotes that this variable refers to the
parton-level cross section.
Let us denote the PDF factor for each quark flavor as:
fq,A(xq , µF,R)fq¯,B(xq¯, µF,R) = Fqq¯(xq , xq¯, µF,R). (7)
The obtained triple-differential cross section provides
full description for the Drell-Yan process. It is expressed
in terms of three kinematic variables: xq, xq¯, and tˆ. The
shortcoming of these variables is that all three of them
enter both the PDF multiplier and the parton-level cross
section, since the Mandelstam variable sˆ = (pl+ + pl−)
2 is
not an independent value (sˆ = xqxq¯S).
The quantities that are directly measured in experi-
ments and used for event selection are the pseudorapidities
η± and transverse momenta p
±
T of the final-state leptons.
In the leading order in αS the relation p
+
T = −p−T = pT ap-
plies. The Mandelstam variables sˆ, tˆ and the momentum
fractions xq, xq¯ are expressed as
sˆ =M2 = 4p2T cosh
2 η+ − η−
2
, tˆ = − M
2
1 + e(η+−η−)
,
xq =
M√
S
e(η++η−)/2, xq¯ =
M√
S
e−(η++η−)/2. (8)
Since xq and xq¯ depend only on the sum of the lepton pseu-
dorapidities, while tˆ is expressed in terms of the difference
of the pseudorapidities, we make a well-known substitu-
tion:
Y = (η+ + η−)/2, y = (η+ − η−)/2.
The Y variable is the intermediate-state rapidity, while
y is related to the scattering angle in the qq¯ → l+l− pro-
cess as
cos θˆ = tanh y
and governs the parton-level kinematics (it is introduced
in some textbooks, for example in [36]). In this way the
cross section is obtained as a function of M , Y , y:
∂3σAB
∂M∂Y ∂y
=
∑
q,q¯
Fqq¯(M,Y, µF,R)
∂σˆqq¯→l+l−
∂y
,
σˆqq¯→l+l− = σˆqq¯→l+l−(M, y). (9)
The explicit expressions for σˆqq¯→l+l− are quite cum-
bersome, but it is useful to provide them taking into ac-
count the relations (4)–(5). Each σˆqq¯→l+l− can be written
as follows to the O(g˜2) order:
σˆqq¯→l+l− = σˆSM + a
2σˆa2 + avlσˆavl
+avuσˆavu + vuvlσˆvuvl . (10)
The σˆSM quantity and the factors σˆa2,avl,avu,vuvl are pro-
vided in Appendix B. They also can be found in [37] along
with the model file for the FeynArts package. The factors
are provided in files suitable for usage in computational
packages.
At energies close to Z peak, the leading Z ′ contribution
to the Drell-Yan process arises from mixing between Z and
Z ′ intermediate states, resulting in corrections of order of
O(g˜2). The contribution of quartic couplings is the Z ′ on-
shell production. At energies much lower than mZ′ it is
neglected. The cross section reads as
σDY = σSM + σZ′ ,
σZ′ = a
2σa2 + avlσavl + avuσavu + vuvlσvuvl
+avcσavc + vcvlσvcvl . (11)
Here a, vf are the couplings defined in (3) and (4); σSM is
the standard model contribution to the Drell-Yan process;
σa2 , σavf , σvfvf′ are the numerical factors that depend on
M , Y , y. In this approximation there are six independent
unknown quantities entering the Drell-Yan cross section.
In (11) the factors that include vu and vc arise only from
the contributions of first and second generation fermions,
respectively. The contribution from the third generation
is neglected due to the nature of (anti)protons.
Both the PDF factor and the parton-level cross sec-
tion are calculated in the leading order (LO) in αS , and
σAB in the LO is obtained in this way. The next-to-next-
to-leading order (NNLO) QCD corrections are then taken
into account by multiplying σAB by the NNLO K-factor,
which is calculated using the FEWZ 2.1.1 software [38]
(see also ref. [39,40]). Since the calculation of the K-factor
requires significant computational time, we generate it
with some numerical uncertainty and fit the obtained MC
data with a polynomial. Please refer to details in Ap-
pendix A. It is obvious that the K-factor somewhat modi-
fies the M - and Y -dependence of the LO cross section. At
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the same time, since we are dealing with dileptonic final
state, the internal kinematics of the parton-level process
remain unchanged, i.e. the y-dependence is the same in
LO and in NNLO. This is because the only NNLO cor-
rections in this case arise from virtual-gluon exchanges
between the two quarks in the initial state (which affects
the qq¯γ∗/Z/Z ′ vertex) and emissions of on-shell gluons by
those quarks (which affects the M - and Y -dependence).
To take into account the electroweak radiative corrections,
we introduce decay widths and use the running value of
the QED coupling constant αQED at the Z-peak [14] of
1/127.9.
We also consider two kinds of uncertainties: (i) The
PDF uncertainties ∆σPDF. The MSTW 2008 package pro-
vides 68% CL and 90% CL intervals. We consider the lat-
ter ones. (ii) The uncertainties due to the factorization
and renormalization scales variation, ∆σµ. To incorporate
these uncertainties, we follow a common procedure: we set
µR = µF = µ and vary µ from
√
sˆ/2 to 2
√
sˆ.
The cross section then can be written as
σDY = σ
mean
DY ± ∆σPDF ±∆σµ. (12)
Once again, we note that Y enters the PDF factors
only, while y is included into the parton-level cross sec-
tions only. This allows us to treat the PDF factor Fqq¯
and the partonic cross section σˆqq¯→l+l− separately. There-
fore, we can try to use any peculiarities in the M - and Y -
dependence of the PDFs and M - and y-dependence of the
partonic cross sections to suppress some of the numerical
factors in (11). For example, if after integration by one of
the kinematic variables over some specific range the factor
σvcvl appears to be much smaller than the other factors,
we may neglect its contribution to the cross section and
deal with five unknown parameters instead of six we had
initially. Of course, we assume that all the combinations
of the Z ′ couplings in the cross section are of the same
order of magnitude. The leptophobic Z ′ case, which is a
popular parameterization nowadays, is treated separately
in Section 6.
In addition to the Z ′ couplings, another two unknown
Z ′ parameters affect σDY. Those are the Z
′ mass mZ′ and
decay width ΓZ′ . The latest data from CMS and ATLAS
indicates that Z ′ is heavier than 2.6 TeV. This means that
for energies close to the Z peak the σDY dependencies on
mZ′ and ΓZ′ can be neglected, assuming that the Z
′ peak
is far away from this range.
The Y and y values that we can investigate are lim-
ited by detector performance and conservation laws. From
the condition 0 ≤ xq,q¯ ≤ 1 it is easy to obtain the M -
dependent limits
− ln
√
S
M
≤ Y ≤ ln
√
S
M
. (13)
The selection criterion for muons at the D0 Collabora-
tion states that muon pseudorapidity must be in the range
|η±| ≤ 2.0 [41]. Usually, the considered range for electrons
and positrons is wider, so we will consider that relatively
narrow range. Hence,
|Y | ≤ 2.0. (14)
The limits for y are the same as for Y .
This section can be briefly summarized by saying the
following: the cross section of the Drell-Yan process con-
tains six unknown independent terms inspired by Z ′ bo-
son. The cross section depends on three kinematic vari-
ables, which will be used to suppress some of the contri-
butions from the unknown Z ′ parameters. This will allow
us to amplify the signal of Z ′ that is possibly hidden in
the experimental data collected by Tevatron.
4 The Observable
The most detailed description of a scattering process is
contained in the differential cross section. But a possible
Z ′ signal can be washed out because of interference be-
tween the six independent combinations of Z ′ couplings
that enter the cross section. In general, integration by
kinematic variables can leave this situation unchanged.
We need to pay special attention to the integration scheme
so as to reduce the number of interfering parameters and
to make a successful data fit possible. This scheme must
derive benefits from kinematic properties of the cross sec-
tion.
4.1 Integrating by Y
The intermediate state rapidity Y enters the PDF factors
only. Let us study theM - and Y -dependence of Fqq¯(M,Y )
in Eq. (9). At any fixed kinematically allowed Y value
Fqq¯ is a smooth monotonically decreasing function of M .
Kinematic properties of Fqq¯ are different for each flavor
but independent of Z ′ properties. So, the Y -dependence
of the cross section can be utilized to suppress the contri-
butions of the second generation, i.e. the terms with avc
and vcvl in Eq. (11).
We use the following integration scheme
σ(Y ) =
∫ Ymax
−Ymax
dY W (M,Y )
∂3σDY
∂Y ∂M∂y
(15)
with a simple piecewise-constant weight function
W (M,Y ) =
{
W (M), 0 < |Y | ≤ Ymid,
1, Ymid < |Y | < Ymax. (16)
HereW (M) is a weight function that is manually adjusted
for each value of M ; Ymid and Ymax are some positive
integration limits which are also set manually.
In fact, we integrate the PDF factor in Eq. (9):
Fqq¯(M) = 2
∫ Ym
0
dY W (M,Y )Fqq¯(M,Y ), (17)
σ(Y ) =
∑
q,q¯
Fqq¯(M)
∂σˆqq¯→l+l−
∂y
. (18)
In this subsection we show how to pick the weight func-
tion W (M,Y ), so that the resulting PDF factors Fss¯(M)
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Fig. 1. Plots for Fqq¯(M,Y ) versus Y at different M values. The uncertainties that arise from the PDF errors and factorization
scale variation are also shown
and Fcc¯(M) are negligibly small compared to Fuu¯(M) and
Fdd¯(M). Note, that the Y -distribution for the Drell-Yan
cross section is symmetric.
Consider M values at the Z-peak. Both CDF and D0
collaborations define limits of this range to be symmetric
with respect to the Z boson mass. These limits are often
set to either 66 GeV ≤ M ≤ 116 GeV or 71 GeV ≤M ≤
111 GeV [43,42]. In this paper we use the former option.
Actually, the choice of specific lower and upper limits does
not affect our results. There are only two general require-
ments: the limits have to be symmetric with respect to
mZ and large enough so that all quark masses could be
set to zero.
In Figure 1 the plots for Fqq¯(M,Y ) versus Y at dif-
ferent M values are shown for u, d, c, and s quarks. The
relative contributions of second generation quarks amount
up to 11% at M = 66 GeV and cannot be neglected. For
any givenM value from the Z-peak range we can pick the
weight function W (M,Y ) in such a way that the factors
Fcc¯(M) and Fss¯(M) amount to less than 1% of each of
the factors Fuu¯(M) and Fdd¯(M):
Fcc¯, ss¯(M) ≤ 0.01Fuu¯, dd¯(M) (19)
In Eq. (16) we set Ymax = 2.0 for consistency with
detector limitations. We have certain freedom in choosing
either Ymid, or W (M). We set Ymid = 0.75 and use the
condition (19) to determine W (M) for several M values
in the range 66 GeV ≤ M ≤ 116 GeV. After fitting we
obtain the following expression for W (M):
W (M) = 0.547(M/mZ)− 1.326. (20)
Here mZ is the Z mass set to 91.1876 GeV.
The PDF factors obtained after substituting this weight
function into Eq. (17) are shown in Figure 2. The second-
generation contributions, σavc and σvcvl , are suppressed.
In principle, the values of the weight function parameters
are arbitrary. One could set any Ymax and Ymid based on
detector performance. The function W (M) is determined
based on that choice.
As a result, we obtain the cross section σ(Y ), which
depends on y and M and contains four independent Z ′
terms instead of six:
σ(Y ) = σ
(Y )
SM + a
2σ
(Y )
a2 + avlσ
(Y )
avl
+ avuσ
(Y )
avu + vuvlσ
(Y )
vuvl
. (21)
Our next step is to use the two remaining kinematic
variables, M and y, to get rid of another two unknown
combinations of the Z ′ couplings.
4.2 Integrating by M and y
The variable y enters the parton-level cross section of the
Drell-Yan process, σqq¯→l+l− , and is irrelevant for the PDF
analysis. In general, the parton-level cross section depends
also on M through four ‘resonant’ functions:
0.01
0.1
1
10
70 80 90 100 110
Fqq(M), TeV-1-
M, GeV
u
d
s
c
Fig. 2. The plot illustrates suppression of the contributions
of second-generation quarks to the Drell-Yan cross section in
the Z-peak range. The plotted values are Fuu¯, Fdd¯, Fcc¯, and
Fss¯ integrated by Y . The integration by Y is carried out over
the range |Y | ≤ 2.0, where Ymid is set to 0.75, and W (M) is
determined by Eq. (20)
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Fig. 3. Plots for the resonant functions given by Eqs. 22 in
the range 66 GeV ≤M ≤ 116 GeV
f1(M) =
1
(M2/m2Z − 1)2 + Γ 2Z/m2Z
,
f2(M) =
(M2/m2Z − 1)
(M2/m2Z − 1)2 + Γ 2Z/m2Z
,
f ′2(M) =
(M2/m2Z′ − 1)
(M2/m2Z′ − 1)2 + Γ 2Z′/m2Z′
,
f3(M) =
M2
m2Z
f2f
′
2
(
ΓZΓZ′/(mZmZ′)
(M2/m2Z′ − 1)(M2/m2Z − 1)
+1
)
(22)
HeremZ,Z′ and ΓZ,Z′ denote the masses and the widths
of the Z and Z ′ bosons. We investigate the energy range
close to the Z boson peak. As it was noted earlier, in this
case we do not care about specific values of the Z ′ mass
and decay widths. But at this point for numerical calcula-
tions we are going to set specific values for mZ′ and ΓZ′ .
Following the recent LHC results [6,7], we set mZ′ to 2.6
TeV and assume the decay width to be 10% of the mass.
This means that we use some asymptotics of f ′2 and f3 at
M ≪ mZ′ .
As it can be seen from Figure 3, the f1 function is
dominant. In the discussed symmetric Z-peak range the
functions f2, f3 are odd-like with respect toM = mZ , and
the function f ′2 is small. As a consequence, after integrat-
ing by M over the range the functions f2, f
′
2, and f3 are
negligible compared to f1. Partially this follows from the
fact that at the Z peak the leading new physics contribu-
tion comes from Z − Z ′ mixing. We are going to use the
discussed feature in what follows.
When investigating theM -dependence of the hadronic
cross section σ(Y ), we deal not with the resonant functions
themselves, but with their products with the PDF factors.
The general form of σ(Y ) can be written as
σ(Y ) − σ(Y )SM =
cosh 2y
cosh4 y
[A(M) tanh 2y + S(M)] , (23)
where A(M) and S(M) are some functions that include
the unknown couplings a, vu, and vl. The M -dependence
arises from the ‘resonant’ functions multiplied by Fqq¯(M)
from Eq. (17). From the plots in Figure 2 we can con-
clude that the factors Fqq¯(M) are smooth, monotonic, and
slowly-varying in the considered mass range. Therefore,
we stress that all the discussed properties of f1, f2, f
′
2,
and f3 are generally maintained, when these functions are
multiplied by Fqq¯(M).
Naturally, f ′2 and f3 do not enter the SM part σ
(Y )
SM .
There are four factors entering the Z ′ contribution: σ
(Y )
a2 ,
σ
(Y )
avl , σ
(Y )
avu , and σ
(Y )
vuvl (see Eq. (21)). The factor σ
(Y )
vuvl does
not depend on f1. According to our discussion of prop-
erties of the ‘resonant’ functions it can be eliminated by
straightforward integration by M over the Z-peak range
(66 GeV ≤M ≤ 116 GeV). The resulting value is denoted
σ(YM):
σ(YM) − σ(YM)SM =
∫
dM (σ(Y ) − σ(Y )SM )
=
cosh 2y
cosh4 y
(A tanh 2y + S) ,
σ(YM) = σ
(YM)
SM + a
2σ
(YM)
a2
+ avlσ
(YM)
avl + avuσ
(YM)
avu ,
A =
∫
dM A(M), S =
∫
dM S(M).(24)
The factors σ
(YM)
SM , σ
(YM)
a2 , σ
(YM)
avl , σ
(YM)
avu , and σ
(YM)
vuvl are
plotted on Figure 4. It can be seen that σ
(YM)
vuvl is negligibly
small compared to the other three factors.
We are not concerned about σ
(YM)
SM at the moment
and shall turn to investigating the y-dependence of the
Z ′-related contribution in Eq. (24). The behavior of the
σ
(YM)
avu factor is governed by its odd part, while σ
(YM)
a2
is obviously dominated by it’s even part. From the plots
on Figure 4 (a), one can conclude that it is possible to
suppress one of the three factors by integrating the cross
section by y over a symmetric range. The integration limits
for y are the same as for Y . In our case
− 2.0 ≤ y ≤ 2.0. (25)
For example, we can integrate them with a piecewise-
constant function
ω(y) =
{
k, y ≥ 0,
−1, y < 0. (26)
Here k is some real number selected based on which spe-
cific factor we want to suppress. The resulting observable
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Fig. 4. Plots for (a) the Z′-related factors and (b) σ
(YM)
SM from Eq. (24). The uncertainty bands are also shown
σ∗ would be a somewhat modified forward-backward scat-
tering asymmetry:
σ∗ =
∫
dy ω(y)σYM . (27)
The factors σ∗SM, σ
∗
a2 , σ
∗
avl
, and σ∗avu are linear func-
tions of k:
σ∗ = σ∗SM + a
2σ∗a2 + avuσ
∗
avu + avlσ
∗
avl ,
σ∗SM = (−23.7 + 26.8 k) pb± (1.8− 2.1 k) pb,
σ∗a2 = (0.490− 0.508 k) pb± (0.032− 0.033 k) pb,
σ∗avu = (0.0147− 0.0435 k) pb± (0.0027− 0.0025 k) pb,
σ∗avl = (0.159 + 0.202 k) pb± (0.014 + 0.017 k) pb. (28)
Let us construct an observable that is suitable for fit-
ting of the axial-vector coupling a and the coupling to the
up-quark vector current, vu. That is, the factor σ
∗
avl has
to be suppressed. We choose the suppression criteria
|σ∗avl | < 0.01|σ∗a2 |, |σ∗avl | < 0.01|σ∗avu | (29)
to calculate k in Eq. (28). By solving Eqs. (29) we obtain
the resulting interval −0.794 ≤ k ≤ −0.789. If k is set
to −0.79 in Eq. (28), the resulting observable will contain
only two unknown Z ′ parameters:
σ∗ = σ∗SM + a
2σ∗a2 + avuσ
∗
avu ,
σ∗SM = −44.8± 3.5 pb,
σ∗a2 = 0.890± 0.058 pb,
σ∗avu = 0.0480± 0.0046 pb. (30)
This specific observable allows us to perform fitting of the
a and vu couplings.
There are two other possible observables in this ap-
proach: the one with suppressed σ∗avu and the one with
suppressed σ∗a2 . In Table 1 we present the combinations
of couplings that enter each of the proposed observables,
together with the corresponding values of k and σ∗a2 , σ
∗
avu ,
and σ∗avl . Note, that we choose certain k values from the
corresponding intervals. Also, for the third variable the
observable is close to a forward-backward asymmetry.
5 Universal Z ′ couplings to SM leptons
We have mentioned earlier that the relations (4) cover the
χ model and left-right models. These models are widely
considered in literature, in particular by the experimenters
at the Tevatron and LHC. In these models Z ′ is coupled
to all three generations of fermions equally. Hence, it is
useful to consider a special case of generation universality
in our parameterization. The relations between couplings
are extended as follows:
aqd = al = −aqu = −aνl = a,
vqd = vqu + 2a, vl = vνl + 2a,
vqu = vqc = vqt , ve = vµ = vτ . (31)
This way the number of parameters in the Drell-Yan
cross section is automatically reduced to only four:
σDY = σSM + σZ′ ,
σZ′ = a
2σa2 + avlσavl + avuσavu + vuvlσvuvl . (32)
To obtain observables similar to the ones presented
in the previous section, we can follow exactly the same
procedure, but for the integration by Y . In that step no
weight function is needed, since the contributions of the
second generation do not introduce any new parameters
in the cross section.
The whole integration scheme is reduced to only two
steps:
1. Integrate the cross section by Y and M .
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Table 1. Couplings entering the observables, together with the corresponding values of k, the SM contribution σ∗SM, and the
factors σ∗
a2
, σ∗avu , and σ
∗
avl
couplings k σ∗SM, pb σ
∗
a2
, pb σ∗avu , pb σ
∗
avl
, pb
a2, avu -0.79 −44.8± 3.5 0.892 ± 0.058 0.0490 ± 0.0047 suppressed
a2, avl 0.35 −14.3± 1.1 0.312 ± 0.021 suppressed 0.230 ± 0.020
avu, avl 0.964 2.13± 0.25 suppressed −0.0272 ± 0.0003 0.354 ± 0.030
2. Choose a coupling combination to suppress using
the weight function ω(y) from Eq. (26).
Considering the same cuts, as in the general case, we
obtain the observable:
σ∗ = σ∗SM + a
2σ∗a2 + avuσ
∗
avu + avlσ
∗
avl ,
σ∗SM = (−102.2 + 116.6 k) pb± (6.4− 7.4 k) pb,
σ∗a2 = (1.96− 2.00 k) pb± (0.11− 0.11 k) pb,
σ∗avu = (−0.0428− 0.0247 k) pb
± (0.0101− 0.0098 k) pb,
σ∗avl = (0.729 + 0.909 k) pb
± (0.048 + 0.060 k) pb. (33)
Specific values of the parameter k are presented in Table 2.
Assumption of universality simplifies the proposed sche-
me not only by dropping a not-so-straightforward weight-
ing function W (M,Y ), but also in terms of the quality of
needed data: the same data that is used for measuring the
forward-backward asymmetry [44] can be used here. Addi-
tionally, a one-parametric observable with a sign-definite
parameter a2 exists in this approach.
6 Discussion
The analysis of the LEP II data [28,29] resulted in obtain-
ing upper bounds for a2 and v2l at 95% CL, both of or-
der of 0.1...1 m2Z′/TeV
2. In our recent paper [45] we have
estimated these two couplings and v2u to be 10
−3...10−1
m2Z′/TeV
2 based on the results reported by ATLAS in
2012. The results have been updated since then with the√
S = 8TeV [6,7] data, but the order of our estimates
remains unchanged.
Let us assess the efficiency of the proposed observables
based on these LEP- and LHC-driven estimates. CDF col-
laboration presents the Drell-Yan cross section measure-
ments [43] with a 1.5%–2.5% statistical and systematical
uncertainties and with a 6% luminosity uncertainty. As it
is seen from Table 1, the obtained uncertainties for σ∗SM
are 8%–11% (taking into account the considerations pre-
sented in A). It is safe to assume that this order of uncer-
tainties will persist for the experimentally measured σ∗SM.
It would be useful, if the proposed observables allowed
to improve the bounds from [28,29,45]. This requires the
uncertainty calculated for the SM term has to be smaller
than the value of the dominant Z ′ contribution, e.g. a2σ∗a2
has to be over 3.5 pb for the first observable from Table 1.
In Table 3 we straightforwardly estimate efficiencies for
all the proposed schemes, assuming all squared Z ′ cou-
plings to be of order of 1 m2Z′/TeV
2, which corresponds
to an optimistic LEP estimate, and considering a 2.6 TeV
Z ′ boson. It is also assumed, that Z ′ couplings are posi-
tive and the Z ′ effects are not suppressed by destructive
interference between its contributions. One can see that
the optimistic LEP-driven upper bounds will obviously be
ruled out, as the magnitude of the Z ′ contribution exceeds
expected SM error. Since the considered energies are so far
from the Z ′ peak, the observable strongly depends on the
magnitude of errors. In case if experimental data is pre-
cise enough, the observables might be of significant use for
setting bounds on Z ′ couplings. The leptonic universality
case shows, that in principle hints of the a2 coupling of
order 0.1 m2Z′/TeV
2 can be found at Tevatron, since the
signal can be still over systematic errors.
If the estimation 0.1m2Z′/TeV
2 obtained in [45] is con-
sidered, the new physics contributions from Table 3 are 10
times lower. In this case the bounds on the Z ′ couplings
can be set, if Tevatron data provides accuracy of order of
1%–2% for the first two observables and 10% for the third
observable.
Another way to check if the proposed observable is use-
ful is to compare them to the current coupling values for
SM Z boson measured at the LEP, Tevatron, HERA and
LHC. Those can be found on p. 27 of [14]. For example,
let us consider Z couplings to the u quark. By comparing
the utilized parameterization (1) with the SM Z couplings
[14], we obtain the following relations:
avu =
1
2
( √
4piα
cos θW sin θW
mZ′
mZ
)2 (
1
2
− guV −
4
3
sin θ2W
)
,
a2 =
1
2
( √
4piα
cos θW sin θW
mZ′
mZ
)2 (
guA −
1
2
)
. (34)
Here we have also substituted the Z–Z ′ mixing angle from
Eq. (5). The SM Zuu¯ couplings are [14] guV = 0.25
+0.07
−0.06
and guA = 0.50
+0.04
−0.06. This leads to the bounds on the Z
′
couplings:
− 0.35 ≤ avuTeV
2
m2Z′
≤ 3.77, 0 ≤ a2TeV
2
m2Z′
≤ 1.88. (35)
These bounds are of the same order as the ones obtained
from LEP data analysis in [28,29]. Therefore, we expect
to improve these bounds approximately by one order of
magnitude to about 0.1 TeV2/m2Z′ .
An observable similar to the one proposed here can
be constructed for the LHC case, although some modi-
fications are required to suppress contributions from the
second generation of fermions. Higher luminosity should
lead to a significantly higher precision for the Z ′ couplings.
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Table 2. Couplings entering the observables, together with the corresponding values of k, the SM contribution σ∗SM, and the
factors σ∗
a2
, σ∗avu , and σ
∗
avl
. The case of generation-universal couplings
couplings k σ∗SM, pb σ
∗
a2
, pb σ∗avu , pb σ
∗
avl
, pb
a2, avu -0.8015 −195.6 ± 12.3 3.56 ± 0.20 suppressed suppressed
a2, avl -2.0 −335.3 ± 21.2 5.96 ± 0.34 suppressed −1.09± 0.07
avu, avl 0.9805 12.12 ± 0.82 suppressed −0.0670 ± 0.0005 1.62± 0.11
Table 3. Comparison of SM contribution uncertainty in σ∗ and estimated Z′ contributions, considering mZ′ = 2.6TeV and all
Z′ squared couplings ∼ 1 m2Z′/TeV2. Only positive couplings are considered
Non-Universal Universal
couplings δσ∗SM/σ
∗
SM Z
′ part/σ∗SM δσ
∗
SM/σ
∗
SM Z
′ part/σ∗SM
a2, avu 7.7% −14.1% ± 0.8% 6.3% −12.2± 0.6
a2, avl 7.4% −25.5% ± 1.8% 6.3% −9.8% ± 0.5%
avu, avl 11.6% 103.7% ± 9.7% 6.8% 86.7% ± 6.1%
Neither LEP data nor Tevatron or LHC data show any
explicit indications of the Abelian Z ′. This provides moti-
vation to investigate models with the so called leptopho-
bic Z ′ [46,47,48,49,50,51,52]. In these models Z ′ boson
couplings to the SM leptons are strongly suppressed com-
pared to the quark couplings. Among other things, this
parameterization allows to explain deviations of the pre-
cision electroweak data from the SM by introducing Z ′
with the mass close to mZ [53]. From the Lagrangian in
Eq. (1) and the relations in Eq. (4) it follows that in the
leptophobic case vl, al, and aq are small compared to vq,
and the leading Z ′ contributions to the cross section are
σDY = σSM + σZ′ ,
σZ′ = avuσavu + vuvlσvuvl
+avcσavc + vcvlσvcvl +O(a
2, avl). (36)
After applying all the integrations discussed in Section 4,
we end up with the observable where only the term avuσ
∗
avu
survives. This observable is one-parametric:
σ∗ = σ∗SM + avuσ
∗
avu . (37)
The numerical values are the same as in the second line
of Table 1.
Our results obtained for the dimuon cuts can be easily
recalculated for dielectrons, taking into account the differ-
ence between event selection criteria for muons and elec-
trons. For example, the CDF collaboration selects muons
with maximum pseudorapidity |ηµ| = 1.0 [54]. For elec-
trons this value is |ηe| = 2.8 [55], therefore, the value
of Ym for the pp¯ → e+e− process is higher than for the
dimuon case. This leads to different weight functions and
values of k.
7 Conclusions
The data analysis performed by the LHC and Tevatron
collaborations resulted in setting model-dependent lower
bounds on the Z ′ mass. In that analysis only the high-
energy range of the Drell-Yan cross section was considered.
In our paper we propose different approach that allows to
search for a Z ′ signal in the pp¯ → l+l− process at the
energies near mZ . In this range the most important con-
tributions at the Z peak come from the Z − Z ′ mixing.
The approach utilizes the renormalization-group relations
between the effective Z ′ couplings. Therefore, in case no
signal is observed one would still be able to derive con-
straints for different Z ′ models and compare them to the
ones presented in [6,7].
The proposed prescription includes the following steps:
1. The triple-differential cross section of the Drell-Yan
process is expressed in terms of three kinematic variables:
the mass of an intermediate state, M , the intermediate-
state rapidity Y , and the relative rapidity of a lepton pair,
y. This cross section contains six unknown combinations
of the Z ′ couplings: a2, avu, avl, avc, vuvl, and vcvl.
2. The cross section is integrated by Y over the sym-
metric range [−Ymax;Ymax] with the weight functionW (M,Y )
defined in Eq. (16). The integration limits have to be de-
termined for specific final state (e+e− or µ+µ−) and de-
tector individually. The function W (M,Y ) has to be ad-
justed in such way, that the PDF factors for the second-
generation quarks, Fcc¯(M) and Fss¯(M), amount to less
than 1% of the PDF factor Fuu¯(M). In the dimuon case
this is a linear function of M/mZ . As a result we exclude
avc and vcvl from the cross section.
3. Integrate the cross section by M over the Z boson
peak range: either 66 GeV ≤M ≤ 116 GeV or 71 GeV ≤
M ≤ 111 GeV, or any other range with bounds symmet-
ric with respect to mZ . These bounds have to be large
enough, so that one could neglect the masses of the u,
d, c, and s quarks compared to M . This integration sup-
presses the contribution of vuvl to the cross section.
4. The integration by y with the properly adjusted
weight function ω(y) from Eq. (26) allows to suppress ei-
ther a2, avu, or avl.
We provided the example of how to use the proposed
procedure. The numerical values of the cutoffs Ymid, Ymax
and k may vary, as they depend on specific experimental
conditions, e.g. bin structure and available data. For ex-
ample, the Ym value can easily be moved closer to the de-
tector coverage limit, and the weighting functionsW (M,Y )
and ω(y) will have to be adjusted accordingly, but the gen-
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eral scheme, including the qualitative form of the weight-
ing functions, will remain unchanged.
The obtained observables can be used in fitting the
experimental data on the pp¯ → l+l− scattering collected
by the Tevatron collaborations. This allows to constrain
the Z ′ vector axial-vector couplings to SM fermions.
In case of the leptophobic Z ′ boson, there is a one-
parametric observable constraining the combination of cou-
plings avu. Also, a one-parametric observable exists in the
parameterization with universal interactions of Z ′ with
lepton generation. This observable allows to constrain a
sign-definite coupling a2.
There is a large amount of data on leptonic scattering
processes collected in the LEP and LEP II experiments.
The second observable in Table 1 contains the coupling
combinations a2 and ave that also enter lepton scattering
processes. It seems to be useful for combined fits of the
LEP and Tevatron data.
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A Generating the K-factor
As it was mentioned in Section 3, the calculation of K-
factor for the double-differential cross section requires sig-
nificant computational resources. At the time of paper
preparation we had only an 8-core i7 processor available,
hence the data obtained using FEWZ 2.1.1 contained sig-
nificant numerical error. The generated data along with
input parameters are available in the file storage [56]. For
our calculations we needed an estimation of the K-factor,
which could be included into the cross section and provide
a realistic estimation of QCD corrections. As it is seen
from Figure 5, the numerical uncertainty leads to a non-
smooth K-factor. To calculate some smooth estimate suit-
able for calculations, we fit the obtained computational
data with a function of M and Y using a χ2 method.
The fitting polynomial is chosen as
Ktheor = p0 + p1M + p2Y
2. (38)
The χ2 function is computed as a sum over all bins:
χ2 =
∑ (Kmeancomp −Ktheor)2
δK2comp
. (39)
Here Kmeancomp and δK
2
comp denote the mean value and er-
ror (numerical and PDF) computed with FEWZ. For 3
degrees of freedom and 95% CL the χ2 percentile is 7.81.
The minimum χ2 value and the corresponding polynomial
coefficients are presented in Table 4.
The mean value for K-factor is plotted in fig. 6. The
95% CL bounds for the K-factor are of order of 1%, so we
do not include them into our consideration.
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70 80 90 100 110
M, GeV
K-factor at Y = 0
Fig. 5. The K-factor values at Y = 0 obtained with FEWZ.
The numerical uncertainty and the 90% CL PDF error are
included. The M bin sizes used for computation are 3 GeV for
M = 65 GeV..75 GeV and M = 107 GeV..116 GeV, 1 GeV
for M = 76 GeV..85 GeV and M = 97 GeV..104 GeV, and
0.1 GeV M = 86 GeV..96 GeV. Such binning was chosen in
attempt to obtain correct Z peak form and save computation
time
Table 4. The minimum value of χ2 along with fitted coeffi-
cients from Eq. (38).
χ2min/bin 1.13
p0 1.30
p1 0.00145
p2 0.00735
The obtained estimate is rather rough. Nevertheless, it
corresponds to the NNLO estimates used in [57]. Another
point is that the soft NLO corrections are expressed by
the relation
KNLO = 1 +
4
3
αS(Q
2)NLO
2pi
(
1 +
4
3
pi2
)
, (40)
where αS(Q
2)NLO varies from 0.135 to 0.123 for Q from
66 GeV to 116 GeV. Hence, our computed K-factor is
consistent with this NLO prediction of 1.37–1.40. These
considerations allow us to use the fitted function in our
estimation.
B Partonic cross sections
In this section we provide expressions for partonic differ-
ential cross sections uu¯→ l+l− and dd¯→ l+l− in Eq. (9)
with Z ′ contributions in the parameterization (3).
Each partonic cross section is written as in Eq. (10).
The σˆ factors have the following general form similar to
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Fig. 6. The approximate mean value of the K-factor
Eq. (41):
σˆ =
cosh 2y
cosh4 y
[A(M) tanh 2y + S(M)] , (41)
TheM dependence of even part S(M) and odd part A(M)
is expressed in terms of the resonant functions provided
by Eqs. (22).
In these expressions we use the following notations:
ζ = M/mz, ξ = mZ/mZ′ ,
sW = sin θW , cW = cos θW ,
p1 = 16s
2
W c
2
W , p2 = 3− 10s2W ,
p3 = 5− 8s2W , p4 = 3− 8s2W ,
p6 = 4s
2
W − 1, p±7 = 3± 4s2W ,
p8 = 8s
2
W + 1. (42)
The contributions to the uu¯ cross section are as follows.
For σˆSM:
Auu¯SM =
2α2pif1ζ
2
9p21m
2
Z
(
p1
ζ2 − 1
ζ2
− p4p6
)
,
Suu¯SM =
2α2pi
27m2Z
[
1
ζ2
+ ζ2f1
(
p22 + 4s
2
W p
2
3
p21
− p4p6
p1
ζ2 − 1
ζ2
)]
.
For σˆa2 :
Auu¯a2 =
αξ2
432p21m
2
Z
[
6p1
{
f ′2(1 + ξ
2)2 − 2f2
}
+ 3p4p6
{
4ζ2f1 − f3
(
1 + 4ξ2(1 + ξ2)
)}]
,
Suu¯a2 =
αξ2
432p21m
2
Z
× [−4ζ2f1(p22 + 6p3s2W )− 2p1p4p6ξ4f ′2 + f3
× {9 + 4ξ2 (p22 + 6p3s2W + ξ2(p22 + 4s4W p23))}] .
For σˆavu :
Auu¯avu =
αξ2
48p21m
2
Z
p6
(
2ζ2f1 − f3(1 + 2ξ2)
)
,
Suu¯avu =
αξ2
144p21m
2
Z
× [2ζ2f1p4(p6 − 8s4W ) + 2p1p6(f2 − ξ2f ′2)
+ f3
(
p2 + 2ξ
2(32s4Wp3 − p4p6)
)]
.
For σˆave :
Auu¯ave =
αξ2
144p21m
2
Z
p4
(
2ζ2f1 − f3(1 + 2ξ2)
)
,
Suu¯ave =
αξ2
432p21m
2
Z
× [2p1p4(f2 − ξ2f ′2)− 3ζ2f1p6(3p4 + 32s4W )
+ f3p6
(
9 + 2ξ2(3p4 + 32s
4
W )
)]
.
For σˆvuve :
Auu¯vuve = −
αξ2
48p21m
2
Z
f3,
Suu¯vuve =
αξ2
144p21m
2
Z
(2p1f
′
2 − p4p6f3) .
The contributions to the dd¯ cross section are as follows.
For σˆSM:
Add¯SM =
2α2pif1µ
2
9p21m
2
Z
(
p2
ζ2 − 1
2ζ2
− p−7 p6
)
,
Sdd¯SM =
α2pi
27m2Z
[
1
2ζ2
+ ζ2f1
(
4p24 + p
2
1
2p21
− p
−
7 p6
p1
ζ2 − 1
ζ2
)]
.
For σˆa2 :
Add¯a2 =
αξ2
144p21m
2
Z
[
p1
{
f ′2(1 + ξ
2)2 − 12f2
}
+ p6
{
f3(1 + 2ξ
2)
(
8s2W − p−7 (2ξ2 − 1)
)− 16ζ2f1s2W}] ,
Sdd¯a2 =
αξ2
432p21m
2
Z
[
2ξ2f ′2p1(3p6 + ξ
2p8)
+ f1
(
p1p6(1 − ζ2)− 32ζ2s2W (p2 + 12s4W )
)
+ f3
{
p4(4p4ξ
4 − 3) + 32s2W ξ2(p2 + 12s4W ) + ξ4p21
}]
.
For σˆavu :
Add¯avu =
αξ2
48p21m
2
Z
p6
(
f3(1 + 2ξ
2)− 2ζ2f1
)
,
Sdd¯avu =
αξ2
144p21m
2
Z
[
2ζ2f1p
−
7 (6s
4
W − p6)
+ p1p6(ξ
2f ′2 − f2)− f3p−7
(
1 + 2ξ2(6s4W − p6)
)]
.
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For σˆave :
Add¯ave =
αξ2
144p21m
2
Z
(
2ζ2f1p
−
7 + f3(p
+
7 − ξ2p−7 )
)
,
Sdd¯ave =
αξ2
432p21m
2
Z
[
p1p
−
7 (f2 − ξ2f ′2) + 6p1f ′2
− 2ζ2p6f1(3p−7 + 8s4W )
+ f3p6
(
2ξ2(3p−7 + 8s
4
W )− 3p4
)]
.
For σˆvuve :
Add¯vuve =
αξ2
48p21m
2
Z
f3,
Sdd¯vuve =
αξ2
144p21m
2
Z
(
p1f
′
2 − p−7 p6f3
)
.
Same partonic cross section are provided in the data
set [37], which is composed in a form suitable for compu-
tational packages.
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